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Friction Modeling of a High-Precision Positioning System
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Abstract— Friction modeling of a high-precision positioning a brachiating robot system. Bona has encountered the same
system using linear permanent magnet synchronous motors is problem for a direct-drive manipulator in [4]. He proposed a
investigated. The friction force is measured precisely by some g qified LuGre friction model with a quadratic influence of
specific experiments to eliminate the parasitic ripple force. . itv to ch terize the steadv-state dri |
The experimental data show that the relation between the ViScosily 1o characterize the steady-state drive response. n
lubrication force and the velocity is not linear as it is assumed theses two cases, the authors proposed new models for their
in the conventional friction models used in automatic control.  particular problems which cannot be used for all lubricated
A new model for the lubrication force based on tribological systems. In a pseudo-p|astic behavior, for examp|e’ where
observations is proposed and introduced to the LuGre friction the friction force is saturated at high velocities, e. g. if it

model. The new model can characterize the lubrication force . th t of th locity. th del
saturation which is encountered in the acquired data. The pa- Increases as the squareé root of the velocily, these models

rameters of the new friction model are identified and compared ~ Cannot characterize reality.

with the standard ones. The force saturation problem has been studied in [5].
The proposed method leads to a Stribeck’s curve with the
Coulomb friction level above the adherence force threshold

Friction, which occurs at the interface between two solidéalso called stiction in literature). This proposition permits
in contact, often influences the performance of mechanicah inflection point on the Stribeck’s curve which models a
systems. Mechanical positioning systems suffer from frictioforce saturation at large velocities. However, physically, this
effects especially when precisions in the nanometer scale grnoposition seems to be unrealistic: adherence force level
required. Friction causes static error, limit cycle and mangnust be above the Coulomb force level.
other performance degradations when a trajectory has toln this paper, the friction modeling of a linear permanent
be followed by a positioning system. Control systems camagnet synchronous motor is investigated. A new model
compensate for the friction effects if an accurate frictiorfor the lubricated friction is proposed and introduced to the
model is available. The problem of friction modeling had.uGre model. The new model can be used for systems with
already been studied by several research groups and differanpseudo-plastic behavior (force saturation with velocity) as
models have been proposed in the literature. A good survaell as where friction force increases faster than linearly
of these models and the methods to compensate it can Wih velocity. The parameters of the modified LuGre friction
found in [1]. model for the positioning system is identified by several real-

The well-known LuGre friction model, proposed by C.time experiments. A solution to the problem of friction force
Canudas de Wiet al in [2], is one of the most complete measurement in the presence of ripple force is proposed.
friction models used in automatic control. This model isThe proposed model is compared with the classical friction
based on the introduction of an internal state variable models.
describe the deflection of bristles. The lubrication force is The paper is organized as follows. The modified LuGre
assumed proportional to the velocity according to Newton'sodel is described in Section Il. The experimental setup,
law. However, it turns out that, depending on the lubricangxperiments and results are presented in Section Ill. Finally,
used, the lubrication force can be a nonlinear function of thgection IV concludes the paper.
velocity. Experiments show that the assumption of Newton’s
law is, in fact, a coarse approximation of the reality.

This problem has already been encountered in diverse ap-Although friction modeling has been largely investigated
plications. To solve this problem, Nakanishi in [3] proposed én tribology and several friction models have been developed,
Coulomb-stiction model with a cubic viscosity force to fit tosimple models which combine the basic dry friction model

of Coulomb with the viscous lubrication model of Newton
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I. INTRODUCTION

Il. FRICTION MODELING
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viscous lubrication force has been recently introducedhé t
basic tribological model [6], [7]. In this model, the viscu
lubrication force is a power law of the sliding velocity as
follows:

B =oy"a" 4 (1)

where F; is the lubrication forceg, a viscous coefficient,
2 the relative contact surface velocity andan appropriate
positive exponent which depends on the surface and lulirice :
type. The common linear viscous contribution in friction “<&
modeling, 024, can be recovered by the new model with -
n = 1. The pseudo-plastic behavior or lubrication force
saturation can be modeled by < n» < 1 andn > 1
represents a lubrication force which increases faster thi
linearly.

Although af still produces a constant, the coefficient
/n is added for normalization purposes. It should also be
noted that, when: = 0 andn < 1, the model can have Fig. 1. Double-axis linear permanent magnet synchronousnmm@vith
numerical problems. To avoid these problems, the model caburtesy of ETEL).
be implemented as follows:

F = Uzﬁ|55|nsgn(5€) ) presence of the ripple force. Ripple force is the combimatio
which is strictly equal to (1). of two forces: the cogging force and the reluctance force.
This power model can be added on any friction modellne cogging force is due to the magnetic field discontinsitie
Herein it is applied to the LuGre model [2] which seems to b§2Useéd by translation from a magnet to another so it is
the most complete model currently used in automatic contrgt POSition dependent force. The reluctance force is due to

The modified LuGre model is described by the foIIowingmag”etiC fluctuations caused by the translator displacemen
equations: and also by the current variation into the coil and therfore

it is a position and current dependent force. Hence, as the
velocity depends on the current, the ripple force is a pasiti

and velocity dependant force. Thus, Newton’s equation of
=10 — g‘zg)z|:'c| (3) dynamics for the upper axis of the system becomes:

Fr=o00z+ 012+ 05/5|:b|"_19'c

g(&) = Fu+ (Fy — Fo)e~@/v)" mi = F, = Fr = I @)
where z is the deflection of the bristlesr; and oy two
dynamic parameters used to describe the stiffness and da
ing coefficients of the bristles. Dry friction parameterksg¢a
called static parameters in literature) are representethdy fo
Coulomb friction threshold”,, the adherence force levél,
and the Stribeck velocity,. Finally, £ is the resulting
friction force of this model.

where m is the moving massg its acceleration,F), the
n(lJu_shing force delivered by the currerft, the ripple force

aRd Fy the friction force.

In order to identify the friction force parameters, the tgp

rce needs to be compensated for. As the experiment used
to identify the dry friction parameters is run at constant
velocities [8], the ripple force must be identified for each
particular constant velocity. The experiment to identif t

[1l. APPLICATION TO A LINEAR SYNCHRONOUS MOTOR  ripple force measures the fordg, needed during a motor

The modified LuGre model is used to model the friction irstroke of 256 mm, and for several constant velocitiesiAs
a linear, permanent magnet, synchronous motor (LPMSMt)he acceleration, is zero at constant velocity, (4) becomes
Sucha system is represent(_ed in Fig..l,_ wh_ere the experiments F, = F. + Fy. (5)
are carried on the upper axis. The friction junctions are-com
posed of linear motion rolling guides with cylindrical retl As a constant velocity induces a constant friction force, it
bearings. LPMSMs have high acceleration and deceleratidh Possible to remove its mean vali#g from the pushing
capabilities, high mechanical stiffness and no mechanicfrce F,. Thus, an approximation of the ripple force for a
transmission components. They, therefore, do not suffen fr particular constant velocity is :
backlash and thus allow very high positioning accuracy to be E—F _F;

. . o2 o r=F, ' (6)
achieved. In this perspective, it is important to use a séali
and accurate friction model in order to compensate for the This experiment is run three times for each particular
friction force accurately. constant velocity in order to obtain an average value. The

One of the main problems for identifying the parameterassumption of constant velocity is verified, because the
of the friction model for a permanent magnet motor is thenaximal standard deviation of the velocity is 2%.
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result, the Stribeck tribological law seems to be inadapted
This is the main motivation for the use of a new model.
The standard Stribeck tribological law is:
Ff=F, + (F, — F)e”@/v)" 4 gy ®)
The proposed modification for the viscous lubrication part
Fig. 3. Static standard characteristics (Stribeck curve). changes the standard Stribeck tribological law (8) into:

Fj = Fo 4 (Fy — F)e” @) 4 oy "1 (9)

To compensate for the ripple force, the pre-identified Bpplpyy friction parameters can be identified from the proposed
force for each position and velocity of the motion is SaVe‘éxperiments and this equation.
in a look-up table and is directly injected to the control The f i ncon function available in MATLAB] allows
system in a feedforward manner. Fig. 2 shows the ripplge optimization of a nonlinear function with constraints t
force compensation schema, whéfg the identified ripple  pe performed. This function is used to fit the experimental
force, is added td, the pushing force. data with the proposed model. The sum of square errors
This operation allows one to get rid of the parasitic rippleyetween the measured friction force and the computed one
force and to get an accurate measurement of the frictiq§ minimized under the constraints that all parameters have
force. This way, identification of the dry friction paramﬂie to be positive and that the adherence force pﬁk,has to
of the LuGre model is possible. This identification is baseg@e apove the Coulomb force threshold,
on steady-state measurements. According to Newton'’s stan-q injtialize the optimization algorithm, a common method
dard equation, for compensated steady-state velocitlestev s to pre-identify the Coulomb force and the viscous part
acceleration is zero, (4) becomes: of the model with data acquired at a velocity greater than
the Stribeck velocity. This way, the Stribeck velocity and
the adherence force can be neglected and then the Stribeck
ibological law equation reduces to :

0=F,—F )

The friction force is thus equal to the pushing force and calf
be mleasured. Six experiments are run for.each particular Fy = Fc+02\/ﬁ|$|n71¢ (10)
velocity on a stroke of 256 mm. These experiments are done
in a random order to get rid of the effect of the temperatur€he results obtained allow a closer initialisation of the
that modifies the characteristics of the motor between thgarameters to their final values to be obtained which con-
first and the last experiment. sequently reduces the probability to obtain a local minimum
In case of a viscous term proportional to the velocity, th&vhen using the function with all velocities.
expected response for this experiment would be a Stribeck Table | shows the dry friction parameters obtained for the
curve as shown in Fig. 3. The friction force mean valuewhole range of velocities using thexi ncon function.
measured for different velocities, is plotted in a force- Fig. 5 shows the friction force measurements and the force
velocity graph. The acquired results are shown in Fig. 4hEacomputed by the identified parameters. The points are the
cross represents a mean force value measurement alongnadlan values of the measured data with the error-bars being
the displacement for a constant velocity. Confronted te thithe standard deviations, and the curve presents the force
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IDENTIFIED DRY FRICTION PARAMETERS

F. [N]: 5.5993
oo [N s/m]:  139.6884
n: 0.3494
Fs [N]: 6.8554 5r
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Fig. 6. Measured friction force and computed ones at lowoitds: zoom
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computed from the new static model. It can be observe
that the physical phenomenon is realistically represehted -10
this modification and the model accurately characterizes tt -15
influence of viscous lubrication.
Fig. 6 is a zoom on the Stribeck region. It shows that th s S
modified LuGre model is very well identified and fits to the 05 -04 -03 -02 -01 0 01 02 03 04 05
reality at low velocities as well as at high velocities. velocity (m/s)
In order to show the superiority of the proposed method _
with respect to other conventional approaches, a comparisG, -, oA between sieadystate measurerents st
with the standard LuGre model and Bona’s modified modehodel, solid: proposed model).
is carried out. The results are depicted in Fig. 7. The points
and the error-bars represent the collected data, the dashed
dotted line the standard LuGre model, the dashed line theThe proposed method is applied to a linear, permanent
Bona’s modified model (using a quadratic viscosity) and thenagnet, synchronous motor for which the lubrication force
solid line the proposed model. It is clear that even at lovis saturated at high velocities. The friction force is meadu
velocities the linear and quadratic functions do not give aith some specific experiments in which the parasitic ripple
good approximation of the measured data. The error will b®rce is eliminated. The final results show that the new
much larger at high velocities. viscous model gives much better fitting to the experimental
data than the other methods.

IV. CONCLUSION
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